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Abstract

The release of neuronal messengers outside synapses has broad biological implications, 

particularly with regard to communication between axons and glia. We identify a mechanism for 

nonsynaptic, nonvesicular release of adenosine triphosphate (ATP) from axons through volume-

activated anion channels (VAACs) activated by microscopic axon swelling during action potential 

firing. We used a combination of single-photon imaging of ATP release, together with imaging for 

intrinsic optical signals, intracellular calcium ions (Ca2+), time-lapse video, and confocal 

microscopy, to investigate action potential–induced nonsynaptic release of this neurotransmitter. 

ATP release from cultured embryonic dorsal root ganglion axons persisted when bafilomycin or 

botulinum toxin was used to block vesicular release, whereas pharmacological inhibition of 

VAACs or prevention of action potential–induced axon swelling inhibited ATP release and 

disrupted activity-dependent signaling between axons and astrocytes. This nonvesicular, 

nonsynaptic communication could mediate various activity-dependent interactions between axons 

and nervous system cells in normal conditions, development, and disease.

INTRODUCTION

Although the fundamental mechanism of neuronal communication is through vesicular 

release of neurotransmitter at synapses, most cells in the brain are not synaptically coupled 

to neurons, yet they can respond to impulse activity in neural circuits. For example, 

nonneuronal cells, including myelinating (1–3) and nonmyelinating glia (3, 4), vascular cells 

(4, 5), and immune cells involved in chronic pain (6, 7), respond to impulse activity in 

axons, but neurons do not form synapses on astrocytes, oligodendrocytes, Schwann cells, 

endothelial cells, or immune cells.
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Adenosine triphosphate (ATP) is a major cell-cell signaling molecule in activity-dependent 

interactions between neurons and between neurons and nonneuronal cells (4). Several 

studies have shown that ATP is released from neurons firing action potentials not only at 

synapses but also along axons in the central and peripheral nervous systems (CNS and PNS, 

respectively) (1, 2, 8–10). The mechanism for nonsynaptic ATP release from axons is 

unknown. Calcium imaging analyses of isolated nerve segments have revealed that removal 

of extracellular calcium can inhibit activity-dependent axon-glia communication (11), 

suggesting release of ATP by synaptic vesicles, but synapses are rare or absent in isolated 

nerve segments.

ATP can be released from various nonexcitable cells through nonvesicular mechanisms; 

these include release through gap junction hemichannels and ion channels with sufficiently 

large-diameter pores (12), such as those associated with the purinergic P2X7 receptor (13), 

and through the cystic fibrosis transmembrane conductance regulator (CFTR) (14). There is 

no evidence, however, that these ATP release pathways are activated in axons by action 

potential firing.

Fluid shear force or minute displacement of the cell membrane by mechanical stimulation 

can trigger ATP release from electrically inexcitable cells, including vascular cells, 

pulmonary cells, urinary bladder cells (15), and astrocytes (16, 17), in part through chloride 

channels in the cell membrane that are activated by membrane stretch [volume-activated 

anion channels (VAACs)]. Some of these channels are permeable to ATP4− and MgATP2−, 

which can be released together with water to restore normal cell volume after cell swelling 

under hypo-osmotic conditions (16). There is no official recommendation regarding 

classification of chloride channels (18). VAACs include the maxi-anion channel and volume-

regulated ion channel (VRAC) [also known as volume-sensitive organic osmolyte-anion 

channel (VSOAC), volume-regulated channel (VRC), and volume expansion– sensing 

channel (VSOR)]. The molecular identity of VAACs has not yet been determined, and they 

may represent various different chloride channels that are activated by cell swelling and 

expressed to a variable extent in different cells (18). Some proteins encoded by the nine-

member ClC gene family of voltage-gated Cl− channels and Cl−-H+ exchangers and VDACs 

(voltage-dependent anion channels) have been functionally linked to VRAC, but other 

proteins, including bestrophins and anoctamins, also may be involved (19).

Some VAACs can be identified by pharmacological inhibitors. The maxi-anion channel, 

which can be identified by sensitivity to gadolinium (Gd3+), 4,4′-
diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), and 5-nitro-2-(3-phenylpropylamino)-

benzoate (NPPB), and insensitivity to phloretin (16), has a large single-channel conductance 

of 300 to 400 pS and a 1.3-nm-radius pore that allows efflux of small intercellular organic 

anions, including glutamate (0.35-nm radius) and ATP (0.6-nm radius) (20). Maxi-anion 

channels are a prominent pathway for ATP release from astrocytes (21) and other cells (16) 

in response to swelling under hypotonic conditions or ischemia. The VDAC1 gene has been 

proposed to be the maxi-anion channel (22), but this has been disputed (22, 23).

Mechanical stimulation of neurons (24) has been used experimentally to elicit ATP release, 

supporting the hypothesis that stretch-regulated channels might provide a pathway for 
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nonvesicular release of ATP from axons. However, whether VRCs are present in axons and 

can become activated in response to electrical impulses is unknown.

Identification of the molecular mechanism mediating ATP release from nerve is complicated 

by the many kinds of cells in nerve tissue, including fibroblasts, endothelial cells, and glia, 

which could contribute to ATP release. To circumvent this problem, we used a specialized 

cell culture system of mouse dorsal root ganglion (DRG) neurons to investigate ATP release 

from axons (Fig. 1A). These multicompartment cell culture chambers isolate neuronal cell 

bodies and axons into separate fluid-tight compartments, and they provide the means to 

excite action potentials in axons through platinum electrodes in the culture dish (25). We 

chose DRG neurons for this analysis because they have no dendrites and do not form 

synapses (autapses) with other DRG neurons in vivo or in monoculture (26). When DRG 

neurons are cocultured in such chambers with Schwann cells (1), astrocytes (4), or 

oligodendrocytes (2, 3), axonal action potentials stimulate calcium responses in these glial 

cells, in part through the activity-dependent release of ATP from axons, which activates 

purinergic receptors on glial cells. This activity-dependent axon-glia signaling elicits 

changes in glial gene expression, allowing impulse activity to regulate such functions as cell 

proliferation, differentiation, and myelination. Such use-dependent signals are believed to be 

important in regulating neuronal and glial development (27), but the mechanism of ATP 

release is unknown.

In early studies of electrical excitation in nerve fibers, several changes in physical properties 

of axons were observed that closely track the voltage fluctuation during action potential 

firing. This includes rapid heating and cooling of the axon (28, 29), small mechanical 

displacement of the axon membrane (30–34), and changes in light transmission through 

axons (35–37). The rapid changes in light transmission and membrane displacement are 

apparently caused by transmembrane flux of ions (notably Ca2+) and water accompanying 

the action potential, which has been proposed to cause small volume changes (38). In 

response to trains of action potentials, axons can swell from the accumulating 

transmembrane flux of ions and redistribution of water molecules across the cell membrane 

(34, 37–39). If action potential firing elicits cell volume changes in axons sufficient to 

activate VAACs, this could provide a mechanism for activity-dependent release of ATP from 

neurons that is nonsynaptic and nonvesicular. Indeed, nonvesicular activity-dependent 

release of ATP could have broader functions in cell-cell signaling in the nervous system than 

synaptic communication, which is a unique specialization for rapid (millisecond) serial 

communication in neural circuits. Here, our objectives were to determine whether impulse 

activity in axons is associated with axon swelling and displacement and, if so, whether this 

is sufficient to activate VAACs to release ATP and thereby mediate activity-dependent 

communication between axons and glia.

RESULTS

Electrically induced release of ATP from intact nerves has been demonstrated in several 

studies (8–10). We confirmed this release and determined that 1 to 5 min of stimulation at 10 

Hz caused an increase of 9.3 ± 0.42 pM in ATP concentration in saline solution bathing rat 
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optic nerves (n = 2), an 86 pM increase after stimulation of dorsal spinal roots (n = 1), and a 

53.7 ± 16.4 pM increase after stimulating sciatic nerves (n = 4).

Kinetics and stimulus frequency response for action potential–induced ATP release

For insight into the ATP release mechanism, we investigated the kinetics and stimulus 

frequency response of electrically induced ATP release from DRG neurons in the 

multicompartment cell culture chambers (Fig. 1A). We used two complementary methods to 

measure the extracellular ATP concentration: luminometry and single-photon imaging 

microscopy (40). Luminometry is rapid and relatively inexpensive, thus permitting greater 

numbers of experimental replicates, but measured concentrations are lower because the 

released ATP is diluted into the bulk volume of the medium (~0.25 ml), whereas single-

photon imaging microscopy analyzes the ATP concentration within the narrow focal plane 

adjacent to the axons. Single-photon imaging allows much greater sampling rates (10-s 

intervals), whereas only a limited number of samples can be withdrawn from the culture at 

much slower intervals for ATP analysis by luminometry. Electrical stimulation of axons at 

10 Hz caused an ~500 to 1000 pM increase in ATP concentration in the surrounding saline 

as measured by single-photon imaging microscopy (Fig. 1, B to D). ATP concentration 

recovered to resting values within 5 to 7 min, depending on the duration of stimulation (Fig. 

1, C and D). ATP release could be elicited repeatedly from the same axons by trains of 

action potentials separated by 15-min recovery intervals (Fig. 1C).

ATP release from DRG neurons did not require prolonged stimulation. Ten seconds of 

stimulation at 10 Hz was sufficient to induce a substantial increase in extracellular ATP (Fig. 

1C). When ATP was measured by luminometry from samples of culture medium, near-

maximal concentrations were reached after 1 min (Fig. 1E).

ATP release increased in proportion to stimulus frequencies between 1 and 10 Hz (Fig. 1F). 

In vivo, DRG neurons can fire tonically at 10 Hz for at least 1 hour, and in short bursts at 

frequencies of 30 Hz or more (41). Thus, the 3- to 10-Hz frequencies at which we were able 

to measure ATP release were well within the normal physiological range of firing for DRG 

neurons.

The latency of the response to stimulation could be measured by single-photon imaging 

microscopy, which showed that the increase in ATP concentration was delayed by tens of 

seconds from stimulus onset. When short trains of 10-Hz stimulation were applied (10 s), 

ATP release was often delayed until tens of seconds after the stimulus was stopped (Fig. 1C, 

blue trace). The latency to the first significant increase in ATP concentration in the saline in 

response to trains of action potentials at 10 Hz occurred after 30 ± 10 s of stimulation (Fig. 

1D) (n = 11). The peak response occurred 49 ± 57 s after termination of the 60-s stimulus 

(Fig. 1D) (P < 0.001 versus prestimulation, n = 11). This delay in response is similar to that 

found for calcium responses in astrocytes (4), Schwann cells (1), and oligodendrocytes (2), 

to 10 Hz electrical stimulation of DRG axons in coculture, and to calcium responses of glia 

to optic nerve stimulation (42, 43).

The concentration of ATP recovered from its peak to values that were not significantly 

different from those measured before stimulation 7 min after terminating a 60-s, 10-Hz 
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stimulus (Fig. 1D). The decrease in ATP concentration after terminating the stimulus likely 

represents multiple processes, including hydrolysis of extracellular ATP by ectoenzymes, 

reuptake, dilution of ATP into the bulk medium after release, and inactivation of the ATP 

release mechanism. Here, we investigated the rising phase of the ATP response to determine 

the mechanisms of electrically induced ATP release from DRG axons.

Nonvesicular release of ATP from axons firing action potentials

The release of ATP in response to electrical stimulation required sodium-dependent action 

potentials. No significant change in ATP concentration was apparent within 5 min of 10-Hz 

stimulation for 60 s in the presence of the sodium channel blocker tetrodotoxin (TTX) (1 

μM) (P = 0.47, paired t test; n = 22). In a separate multiple-comparisons test of ATP 

concentration after stimulation under different experimental conditions, ATP concentration 

after stimulation in TTX (100 nM) was significantly lower than that after stimulation in the 

absence of TTX (Fig. 2A).

The delay in ATP release from stimulus onset was not caused by a slow calcium response in 

axons; calcium imaging showed a near-instantaneous increase in intracellular calcium 

concentration in axons in response to electrical stimulation (Fig. 2B). Lowering the 

concentration of extracellular calcium from 2 to 0.5 mM inhibited electrically induced ATP 

release (Fig. 2A). Although calcium dependency of neurotransmitter release is often taken as 

evidence for vesicular release, removal of extracellular calcium could have numerous effects 

beyond inhibiting synaptic vesicle fusion. We therefore undertook more specific tests of 

vesicular release. ATP can be released together with neurotransmitter from synaptic vesicles; 

however, ATP release was not blocked by bafilomycin A1, which disrupts the filling of 

synaptic vesicles with neurotransmitter (44) (Fig. 2A). Botulinum toxin, which prevents the 

fusion of synaptic vesicles with the presynaptic membrane (45), failed to inhibit the 

electrically induced ATP release from axons measured by luminometry (Fig. 2A) or single-

photon imaging (Fig. 2C). Botulinum toxin A was added 24 hours before experiments, and 

immunoblot confirmed enzymatic degradation of the vesicular release protein SNAP-25 (25-

kD synaptosome-associated protein) (Fig. 2C, inset). Four hours of botulinum treatment is 

sufficient to block neurosecretion from DRG neurons in culture for 15 days (45). Therefore, 

ATP release in response to electrical stimulation of DRG axons can proceed by a pathway 

independent of SNARE-dependent vesicular release.

Volume-regulated anion channels in nonsynaptic ATP release

Reverse transcription polymerase chain reaction (RT-PCR) analysis revealed messenger 

RNA (mRNA) encoding five components of the VAAC family members in DRG neurons: 

ClC3, ClC4, ClC5, ClC7, and VDAC (Fig. 3A). mRNA encoding all of these channels, 

except ClC7, was also detected by RT-PCR of DRG neurons plucked individually from 

cultures to exclude the possibility that mRNA might derive from cells contaminating the 

neuronal cultures (Fig. 3B). Positive immunocytochemical staining for ClC3, ClC4, ClC5, 

and VDAC was seen in DRG axons and soma (Fig. 3C).

To test for functional VAACs in DRG neurons, we monitored transmembrane Cl− flux by 

two-photon live-cell microscopy using the cell-permeable Cl− indicator 6-methoxy-N-
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ethyl-1,2-dihydroquinoline (DiH-MEQ) (46) (Fig. 3, D and E). We observed Cl− influx 

during cell swelling produced by switching from isotonic conditions (320 mOsm/kg) to 

hypotonic conditions (280 mOsm/kg), and Cl− efflux during cell volume reduction in 390 

mOsm/kg (Fig. 3F, black trace). Influx of Cl− during cell swelling was significantly 

inhibited by the VAAC channel inhibitor NPPB (100 μM) (Fig. 3F, red trace).

Our mRNA and immunocytochemical analyses showing that members of the VAAC family 

were present in DRG neurons and our observation of transmembrane Cl− flux accompanying 

osmotically induced changes in cell volume are consistent with the hypothesis that these 

channels might release ATP in response to axon swelling. We tested this hypothesis by 

systematically varying medium osmotic strength and measuring the concentration of ATP in 

the extracellular medium (Fig. 3G). Decreasing osmotic strength from the normal 320 

mOsm/kg to 305 mOsm/kg or lower caused a significant release of ATP from DRG neurons 

(Fig. 3G). The release of ATP in hypotonic solution (280 mOsm/kg) was significantly 

inhibited by NPPB (100 μM), which blocks VAACs, consistent with release of ATP through 

these channels (Fig. 3G, red trace).

Intrinsic optical signals, axon displacement, and ATP release

If the minute axon swelling that accompanies electrical excitation of axons (38) leads to the 

subsequent activation of stretch-activated chloride channels permeable to ATP, this could 

provide a nonsynaptic and nonvesicular mechanism for activity-dependent ATP release. We 

analyzed intrinsic optical signaling (IOS) in the multicompartment cultures as a sensitive 

method of detecting cell swelling to determine whether swelling of premyelinated axons 

accompanies action potential firing in mouse DRG neurons. We observed an increase in 

light transmission through DRG axons when trains of action potentials were fired (Fig. 4, A 

and B), consistent with axon swelling during trains of action potentials.

We also observed minute (1.5 μm) displacement of axons firing action potentials directly, 

using simultaneous time-lapse transmission light microscopy at maximum magnification 

(Fig. 4, D and E), and this displacement was confirmed by time-lapse confocal microscopy 

(Fig. 4F). Although axonal displacement was near the 0.5-μm resolution limit of the 

microscope and pixel density in the charge-coupled device (CCD) camera, it could be 

detected after stimulation with as few as 10 action potentials at 10 Hz (Fig. 4E, a, red trace). 

Indeed, mechanical and optical responses in axons to single action potentials have been 

observed (34, 37, 38). Axon displacement in response to stimulation in the present 

experiments was observed on glass- or plastic-bottomed culture dishes coated with various 

substrates, including collagen, polylysine, or laminin. No axon displacement was seen 

during electrical stimulation in the presence of 1 μM TTX to block sodium-dependent action 

potentials (n = 7; Fig. 4E, b).

Excitation-induced displacement of axons and neurons is not limited to cell culture; it has 

been described in several types of excised nervous system tissue. Shortening of squid axons 

secondary to an increase in fiber volume was reported by Hill in 1950 using specialized 

microscopy (31) and in the crayfish giant axon with laser interferometry (33). Using 

piezoelectric transducers and fiber-optic displacement sensors, Tasaki and colleagues have 

investigated the physical contraction of the frog spinal cord secondary to axon swelling (47), 
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swelling and displacement of dorsal root ganglia (48), olfactory bulbs (49), and squid giant 

axon (30) after stimulation similar to that used in the present experiments, and in the retina 

in response to light (50). Rapid, transient volume changes accompanying sodium-dependent 

action potentials have been measured by atomic force microscopy in nerve terminals of the 

mammalian neurohypophysis followed by a slower reduction in terminal volume associated 

with secretion of dense-core granules (34). As with the small changes in temperature that 

accompany action potential firing (28, 29), which are a necessary consequence of the work 

expended in the transmembrane flux of ions across the axon membrane during 

depolarization and repolarization, the biological significance of the minute mechanical 

responses in axons accompanying action potential firing has been unclear.

To determine whether these physical phenomena in axons accompanying neural excitation 

correlate with ATP release, we combined IOS, time-lapse transmission light microscopy, and 

single-photon imaging for ATP release in the same microscope imaging system. Increased 

light transmission through axons (Fig. 4B) closely paralleled the axon displacement (Fig. 

4D) and release kinetics of ATP measured in the same axon (Fig. 4C). Pooling data from 

replicate experiments showed that the rise to peak concentration of ATP was a linear 

function of the increase in IOS in neurons stimulated at 10 Hz for 60 s (Fig. 4G). These 

responses could be induced without electrical stimulation by the sodium channel activator 

veratridine (100 μM), which caused an increase in light transmission through axons 

indicative of axon swelling (Fig. 4H) (n = 8) and an increase in extracellular ATP 

concentration of 156.7 ± 35.7 pM above prestimulus values (n = 6, P < 0.007). This 

indicates that, as with ATP release (Fig. 2A), axon swelling induced by electrical stimulation 

requires activation of voltage-dependent sodium channels and can be produced in the 

absence of electrical stimulation by activating sodium channels pharmacologically. Axon 

displacement was also linearly related to the increasing IOS during the rising phase of the 

increase in ATP concentration (Fig. 4I).

Previous studies have shown that axon displacement accompanying action potential firing is 

inhibited by the absence of extracellular calcium (34, 38). When electrical stimulation was 

delivered in solutions lacking calcium and magnesium, axon displacement (Figs. 4F and 5A) 

and IOS (Fig. 5B) were blocked. ATP release was also inhibited after electrical stimulation 

in low calcium concentration (Fig. 2A), consistent with a causal relationship between ATP 

release and activity-dependent volume changes in axons.

If ATP is released through VAACs in response to axon swelling induced by action potentials, 

then it should be inhibited under conditions that prevent axons from swelling during action 

potential firing. We tested this hypothesis by stimulating axons in saline solutions with 

increased osmotic pressure. Both single-photon imaging and luminometry showed that ATP 

release was blocked during electrical stimulation under hypertonic conditions (390 

mOsm/kg) (Fig. 5C). Together with our data showing that ATP release was evoked by 

hypotonic conditions (Fig. 3G), these results indicate that axon swelling beyond normal 

volume is necessary for the electrically induced release of ATP from DRG neurons.

We next tested the ability of various chloride channel blockers to inhibit ATP release from 

DRG neurons in response to 10-Hz stimulation for 5 min (Fig. 5D). Phloretin, which blocks 
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intermediate conductance chloride currents (51), had no significant effect on electrically 

induced ATP release. In contrast, flufenamic acid (FFA), NPPB, Gd3+, glibenclamide, and 4-

(2-butyl-6,7-dichlor-2-cyclopentyl-indan-1-on-5-yl) oxybutyric acid (DCPIB) all reduced 

ATP release from DRG neurons after electrical stimulation at 10 Hz for 5 min (Fig. 5D). 

Action potential–induced ATP release was restored after washing out the reversible VAAC 

chloride channel inhibitor NPPB (Fig. 5D). This pharmacological profile implicates large-

conductance VAACs (16, 17) in electrically induced ATP release from axons.

Strong IOS was apparent after electrical stimulation in the presence of Gd+3, glibenclamide, 

and NPPB (Fig. 5E). Therefore, inhibition of ATP release by electrical stimulation in the 

presence of these inhibitors cannot be explained by pharmacological inhibition of axon 

swelling or impairment of action potential firing, but rather appears to be a consequence of 

blocking VRCs necessary for ATP release.

Nonvesicular signaling in axon-glia interactions

These results indicate that ATP is released from axons through VAACs activated by axon 

swelling during action potential firing. This could provide a mechanism for nonsynaptic, 

activity-dependent communication between axons and other cells, including glia. We tested 

this hypothesis using calcium imaging to investigate activity-dependent axon-astrocyte 

signaling, which is mediated in part by ATP released from axons firing action potentials (4). 

Electrical stimulation of axons in coculture with astrocytes stimulated intracellular calcium 

responses in astrocytes (Fig. 6A). The frequency of spontaneous calcium spikes in astrocytes 

before axon stimulation was not affected by the chloride channel blocker NPPB (Fig. 6B); 

however, electrically induced calcium responses in astrocytes were significantly inhibited by 

NPPB (Fig. 6B). These results indicate that activity-dependent axon-astrocyte 

communication is mediated in part by means of ATP release from VAACs.

Additional ATP release mechanisms

Our findings do not exclude the possibility that gap junction hemichannels or other 

mechanisms could contribute to electrically induced ATP release from axons; however, 

additional investigation provided no evidence to support their involvement in ATP release 

from DRG neurons. Although ATP can be released through gap junction hemichannels in 

astrocytes (12), functional gap junction hemichannels have not been identified in DRG 

neurons. Moreover, we were unable to detect Lucifer yellow, a fluorescent tracer permeable 

through gap junction hemichannels, inside DRG neurons after prolonged electrical 

stimulation (30 min at 10 Hz) in cultures containing the dye, although it was readily 

internalized into astrocytes (fig. S1). Furthermore, heptanol and carbenoxolone, two 

pharmacological blockers of gap junction hemichannels, failed to inhibit electrically induced 

ATP release from DRG axons (Fig. 6C). In marked contrast, these inhibitors blocked Lucifer 

yellow filling of astrocytes and dye coupling between astrocytes through gap junctions in 

monoculture (fig. S1). CFTR has been implicated in ATP release from lung epithelial cells 

(14), and the P2X7 receptor in ATP release from astrocytes (13); however, we were unable 

to detect these channels in DRG neurons by RT-PCR analysis (Figs. 3, A and B, and 6D) and 

CFTR in DRG axons by immunocytochemistry (Fig. 3C). Thus, we conclude that ATP 

release in response to electrical stimulation of DRG axons can occur through a pathway 
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independent of the vesicular release protein SNAP-25, gap junction hemichannels, the 

CFTR, and P2X7 receptor, but is instead sensitive to five different compounds that block 

VAACs.

DISCUSSION

These studies implicate axonal swelling and the subsequent activation of volume-sensitive 

channels in the nonsynaptic and nonvesicular activity-dependent release of ATP from axons. 

We found that action potential firing caused microscopic axon swelling, which was 

accompanied by increased light transmission through axons and minute axonal 

displacement. This in turn activated Cl− channels in the axon membrane, with a 

pharmacological profile consistent with VAACs, a class of channels that restore normal cell 

volume after cell swelling through the release of water together with ATP, glutamate, and 

other organic and inorganic anions (17, 18) (table S1).

ATP release induced by electrical depolarization depended on sodium-dependent action 

potentials but not on vesicular release. Electrical stimulation in the presence of TTX blocked 

ATP release, and ATP release could be induced in the absence of electrical stimulation by 

the sodium channel activator veratridine. Electrically induced ATP release was not, however, 

blocked by botulinum toxin or bafilomycin, which inhibit synaptic vesicle release. Axon 

swelling produced osmotically in the absence of electrical stimulation induced ATP release 

from DRG neurons, in part through VAAC activation, as indicated by its inhibition by 

NPPB.

Action potential firing caused axon swelling that could be measured by the increase in light 

transmission through axons and by microscopic physical displacement of axons. ATP release 

was linearly related to this swelling. Manipulations that blocked swelling and displacement 

of axons during electrical stimulation, such as low calcium or hypertonic medium, also 

blocked ATP release, supporting a causal relationship between the two.

RT-PCR and immunocytochemistry of DRG neurons revealed the presence of candidate 

genes that have been associated with biophysically identified VAACs in other cells. 

Pharmacological evidence and physiological studies of transmembrane Cl− flux 

demonstrated functional VAACs in these neurons.

Five different pharmacological inhibitors of VAACs decreased electrically induced ATP 

release from DRG neurons, whereas phloretin (51), which blocks the intermediate 

conductance chloride channel (VRAC), did not. This pharmacological profile implicates the 

maxi-anion channel, which is sensitive to block by Gd3+, NPPB, DCPIB, and DIDS, but 

insensitive to phloretin (20) in electrically induced ATP release. The large 1.3-nm-radius 

pore can permit efflux of small organic anions and ATP.

More than one channel type may be responsible for the results reported here. In addition to 

the VRAC inhibitors DCPIB and NPPB, an inhibitor that does not block the maxi-anion 

channel in nonneuronal cells, glibenclamide, inhibited ATP release from DRG neurons 

stimulated at 10 Hz. In nonexcitable cells, glibenclamide is a potent inhibitor of the CFTR, 

but no evidence for this chloride channel could be found in DRG neurons by RT-PCR or 
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immunocytochemistry, and Gd3+, which does not block CFTR, did block action potential–

induced ATP release. FFA, an inhibitor of calcium-activated chloride channels, also 

inhibited ATP release from DRG neurons. This cannot be explained by inhibition of 

hemichannels, because our results provided no evidence for functional hemichannels in 

DRG axons. FFA inhibits excitatory amino acid release from astrocytes through VAAC 

activation under hypotonic conditions, suggesting a possible pathway contributing to ATP 

release (52). VDAC, identified in DRG neurons by RT-PCR and immunocytochemistry, has 

a large 1.7-nm-diameter pore, which could release ATP (22), but this gene is excluded from 

the maxi-chloride current by gene knockout experiments (22, 23).

Most information concerning VAAC function and pharmacology derives from studies on the 

response to hypotonic stress in nonexcitable cells (17). Much less is known about VAACs in 

excitable cells, where chloride channels have an additional function in maintaining resting 

membrane potential and excitability. The functional characteristics and pharmacological 

properties of VAACs could differ between DRG neurons and other cells. Excitable and 

nonexcitable cells have different types and concentrations of plasma membrane ion 

channels, and intracellular chloride concentration in neurons is dynamic and actively 

regulated by transport; often, intracellular Cl− is maintained far from electrochemical 

equilibrium. Moreover, differences are seen in pharmacological blockade of ATP and amino 

acid release from VAACs in studies of volume regulation in nonexcitable cells such as 

astrocytes, indicating that different types of VAACs can contribute to ATP and amino acid 

release from the same cell type under different conditions. For instance, one study found that 

phloretin inhibited excitatory amino acid release from astrocytes in response to VAACs 

stimulated by hypotonic conditions (53), whereas a similar study by another group found 

only weak effects of phloretin (54). Whereas Gd3+ fails to affect excitatory amino acid 

release or VAAC currents in rat astrocytes (55), it inhibits hypotonicity-induced ATP release 

from astrocytes in another study (21).

Osmotic imbalance is a severe cellular stressor that causes large changes in cell volume and 

is associated with large transmembrane flux of water, activating many transporters, ion 

exchangers, and ion channels (notably Cl− and K+) and stimulating intracellular signaling 

cascades to cope with stress and to mediate recovery of cell volume. In contrast, the volume 

changes in axons produced by action potentials are exceedingly small. Microscopic action 

potential–induced axon swelling results from the transmembrane flux of ions and water 

during membrane depolarization and repolarization, and calcium is paramount in causing 

electrically induced axon swelling. Further progress on identifying the extent to which 

different VAACs contribute to ATP release under different conditions awaits genetic 

identification of VAAC channels, but our findings reveal a function for VAACs in releasing 

ATP and possibly other anionic cell-cell signaling molecules from neurons in response to 

membrane swelling during excitation.

Our data do not suggest that ATP cannot be released from synaptic vesicles. Rather, they 

show that a nonvesicular mechanism for ATP release from DRG neurons can be activated by 

action potential firing. In regions of neurons lacking synapses or accumulations of synaptic 

vesicles, such as along axon segments, nonvesicular release of ATP in response to action 

potential firing could participate in cell-cell or autocrine signaling. We found that this 
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mechanism of activity-dependent, nonvesicular release of ATP through VAACs was 

important in signaling from axons to astrocytes, which are not synaptically coupled to axons. 

Vesicular and nonvesicular mechanisms of neurotransmitter release are likely to have 

different functions and respond differently to distinct patterns of impulse activity in axons. 

Our studies provide five pharmacological agents, two ionic conditions (Gd3+ and low Ca2+ 

solution), and hypertonic conditions that inhibit electrically induced release of ATP from 

axons. These tools will facilitate investigations into the functional significance of ATP 

release through VAACs in axon communication with other cells.

Many cells in the nervous system have membrane receptors for ATP (4). Therefore, such 

diverse functions as activity-dependent effects on development, cell differentiation, 

vasculature, and immune responses in the brain could be regulated by neural impulse 

activity communicated by ATP release outside synaptic regions. Structural changes in white 

matter fiber tracts are seen in the human brain after learning (56, 57) and in animals raised in 

enriched environments (58), suggesting the possibility of activity-dependent signaling from 

axons. Electrically induced release of ATP from DRG axons in cell culture stimulates 

myelination (1–3), and such regulation could be important in nervous system development 

and cognitive function or dysfunction through myelin-dependent alterations in impulse 

conduction velocity (27).

ATP receptors are also present on neurons. This nonsynaptic mechanism of communicating 

electrical activity to neurons could expand transmission of information in the brain beyond 

the synapse to include autocrine and two-way communication among axons, dendrites, and 

cell bodies (59). Volume-regulated anion channels are also permeable by glutamate and 

other small amino acids (17, 60), which could activate neurotransmitter receptors on neurons 

and glia. This broader and nonlinear form of communication could coordinate responses 

among different neurons that are not synaptically coupled and could be relevant to diseases 

accompanied by hyperexcitation, such as chronic pain or seizure. ATP release has been 

implicated in neuron-glia signaling in chronic pain (7) and, during seizure, released ATP 

contributes to excitation and activation of microglia and astrocytes. The generation of 

adenosine by hydrolysis of ATP released from neurons also contributes to the arrest of 

seizures (61). However, the frequency-response data would suggest that this ATP release 

mechanism would also operate when trains of action potentials are transmitted at rates 

accompanying normal physiological activity.

MATERIALS AND METHODS

Neuron cell culture

DRG neurons were dissected from the spinal cords of embryonic day 13.5 (E13.5) mouse 

fetuses. Cells were dissociated from fetal ganglia and plated on the side or center 

compartment of multicompartment cell culture chambers as described previously (3). 

Culture medium contained minimum essential medium components (Invitrogen) 

supplemented with N3 [transferrin (200 μg/ml), 200 μM putrescine, 60 nM sodium selenite, 

triiodothyronine (20 ng/ml), insulin (10 μg/ml), 40 nM progesterone, corticosterone (40 ng/

ml), 0.001% bovine serum albumin], NGF (nerve growth factor; 100 ng/ml), and 5% heat-

inactivated horse serum. Neurons were maintained at 37°C in a cell culture incubator with a 
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10% CO2 atmosphere. One day after plating, the antimitotic agent 5-fluoro-2-deoxyuridine 

(13 μg/ml) was added to cultures to prevent nonneuronal cell division. The culture medium 

was changed with fresh medium (half volume) every 3 days. These cultures contain no 

Schwann cells, as verified by PCR (1), and DRG neurons do not form synapses in 

monoculture. The axon compartment is free of DRG cell bodies and other cells (25). The 

neurons were used for experiments after growing 3 to 4 weeks in culture to allow extensive 

axon outgrowth under the barriers separating the cell body and axon compartments.

Neuron-astrocyte cocultures

For calcium-imaging studies of axon-astrocyte signaling, cortical astrocyte cultures were 

prepared from P0 (postnatal day 0) to P2 Sprague-Dawley rats and grown in culture flasks in 

Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) containing 10% fetal bovine 

serum (Invitrogen) for 2 weeks until reaching confluence. Flasks were then shaken at 175 

rpm at 37°C for 2 hours to remove nonadherent contaminating cells. After a complete 

medium change, flasks were returned to the shaker overnight. The next day, astrocytes were 

detached from the flasks with 0.25% trypsin (Invitrogen) and plated onto the side 

compartments of multicompartment cell culture chambers made on glass-bottomed dishes 

(World Precision Instruments) coated with poly-L-lysine (0.1 mg/ml; Sigma-Aldrich) and 

1% collagen (Purecol). After astrocytes were maintained for 1 week in the cell culture 

incubator, DRG neurons were prepared (as described above) and plated on the astrocytes in 

DRG neuron culture medium.

Electrical stimulation

Multicompartment cell cultures fitted with platinum stimulation electrodes were used for 

electrical stimulation of DRG axons (25). For imaging studies, multicompartmented cultures 

were made on glass-bottomed 35-mm culture dishes coated with poly-L-lysine (Sigma-

Aldrich) and then collagen. Plastic culture dishes coated with collagen were used for 

measuring ATP release by luminometry. Axons from DRG neurons plated in either the side 

or the central compartment grow under the fluid-tight partition into the adjacent 

compartment. This provides a high-resistance electrical seal around the axons for 

stimulation through platinum electrodes on opposite sides of the barrier. This high-resistance 

seal allows stimulation with low-voltage pulses (6 V, 0.2 ms biphasic). Neurons that do not 

grow axons under the barrier are not excited to fire action potentials by the stimulus, because 

the current density in the low-resistance bulk culture fluid is well below activation threshold 

(25, 26). DRG neurons do not have dendrites or synapses. They do not fire action potentials 

spontaneously in monoculture, and they respond to a brief electrical stimulus with a single 

action potential.

ATP measurements

ATP concentration was measured by two methods based on a chemiluminescence luciferin/

luciferase assay. For measurement by luminometry, ATP released into the culture medium by 

electrical stimulation of DRG axons was measured in multicompartment DRG neuronal 

cultures maintained at 37°C on a humidified heat block. The culture medium was replaced 

with balanced saline solution [in mM, 145 NaCl, 4.5 KCl, 10 Hepes, 2 CaCl2, 1 MgCl2, 10 

glucose, and 320 mOsm/kg by addition of sucrose (pH 7.3)] or measurements were carried 
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out, without changing the normal culture medium, at 37°C and maintained at pH 7.3 by 10% 

CO2/90% air superfusion. ATP responses did not differ in the two solutions. Hypertonic 

solution was made by adding additional sucrose, and hypotonic solution was made by 

omitting sucrose and adding water. The cultures rested undisturbed on the heat block for 30 

min before experimentation. Samples (10 μl) of culture medium were taken from cultures 

with a pipette and delivered into glass test tubes containing 90 μl of ATP assay reaction mix 

(Sigma-Aldrich). Samples were taken before stimulation and again 5 min after 10-Hz 

stimulation or at other sampling intervals and stimulus frequencies and durations as 

described in specific experiments. Luminescence was measured immediately with a 

luminometer (Lumat LB Model 9507, EG&G). The ATP concentration was determined by 

linear regression of luminescence integrated over 5 s against ATP calibration standards in 

each experiment after subtraction of background readings. The plotted data show changes in 

ATP concentration after electrical stimulation. All drugs and ionic conditions used were 

tested for possible interference with the ATP assay.

For measurement by single-photon imaging, multicompartment cultures made on glass-

bottomed dishes (#1 coverslip thickness) were placed on the stage of a Zeiss Axiovert 100 

inverted microscope and superfused with balanced saline solution (formula above) 

containing luciferase (40 μg/ml; Sigma) and D-luciferin (1.5 mg/ml; Sigma). A constant, 

gentle flow rate of 55 μl/min was maintained with a perfusion pump equipped with a six-

way injection valve (model 7000, Rheodyne Inc.) to introduce drugs for inhibitor 

experiments into the perfusion stream with minimal mechanical disturbance of cultures. 

More stable recordings were obtained by stopping the perfusion briefly during the period of 

image acquisition.

The microscope was equipped with an oil immersion Plan Neofluar 40× 1.3 numerical 

aperture (NA) objective lens, and a high-gain, low-noise image intensifier designed for 

ultralow light levels (C2400-40, Hamamatsu) with the intensifier adjusted to maximum gain. 

The intensifier was coupled through a relay lens to a Hamamatsu CCD video camera. The 

signal from the CCD camera was input to a DSP2000 image processor (DAGE-MTI) for 

high-resolution, real-time image processing, frame integration, and storage. The video signal 

from the signal processor was captured and digitized with a FlashBus frame grabber 

(Integral Technologies) for analysis with Metamorph and Metafluor image software 

(Molecular Devices). The same software also controlled light shutters and signal routing for 

image acquisition and illumination. Photon-imaging experiments were conducted in a dark 

room with the microscope housed inside a light-tight black box to exclude extraneous 

photons.

After signal processing through high-gain amplifiers set near maximum gain and contrast, 

high-level thresholding was applied to exclude all but single-photon events. Images were 

acquired at 32 frames per second and integrated (summed) for 1 s. A transmitted light image 

was then acquired immediately following the 32-frame integration of single-photon events 

with the same camera but after rapidly switching off the intensifier to obtain a bright-field 

image using dim transillumination (see IOS method below). Bright-field images were 

processed for intrinsic optical signals (described below). This acquisition sequence was 

repeated at 10-s intervals and the digitized images were saved to build a time-lapse video.
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Typically, electrical stimulation was started after acquiring 2 min of baseline data and 

continued for another 8 min. Other sampling intervals were sometimes used as described in 

specific experiments. All imaging experiments were conducted at room temperature.

The number of photons in each image frame, representing the number of photons 

accumulated during 1 s, was counted with the automated imaging morphometry analysis 

software in Metamorph. The photon counts were converted to ATP concentration by 

calibration against ATP concentration standards (r2 = 0.994), and the changes in ATP 

concentration were plotted over time.

Luminometry and single-photon imaging microscopy are complementary techniques. 

Single-photon imaging provides more rapid sampling, which is essential for kinetic studies 

of ATP release. Luminometry requires tens of seconds between samples (typically 1 min). 

The number of samples that can be removed from the cell culture compartments for ATP 

assay by luminometry is limited to fewer than five. Cell culture compartments contain only 

200 μl of fluid. Extracting more than five samples reduces the volume of solution, 

compromising reliable collection of samples without incurring the possibility of disturbing 

the cells mechanically or contaminating the sample with cells. Photon imaging can be 

carried out continuously and noninvasively. This excludes the possibility that ATP release 

might have been produced by mechanical stimulation in obtaining the fluid sample for 

luminometry, and it allows large numbers of repeated measurements to be made on the same 

preparation. Luminometry enables greater replication among experiments because the large 

volume of luciferin and luciferase required to superfuse cultures makes photon imaging 

prohibitively expensive for large numbers of replicates. Single-photon imaging is also time-

consuming to perform and analyze compared with luminometry. The reaction conditions for 

the chemiluminescence reaction can be optimized in the buffer for ATP measurements by 

luminometry, but with single-photon imaging the composition of the culture medium must 

be formulated for optimal maintenance of DRG neurons in culture. Photon imaging 

measures ATP concentration only within the narrow focal plane of the objective lens 

(adjacent to the axon), rather than diluted into the bulk volume of solution. The 

concentration of ATP adjacent to the axon is higher and more biologically relevant than the 

concentration diluted into the bulk medium; however, this still underestimates the 

concentration of ATP at the membrane. Photon imaging allows spatial analysis that can be 

performed on individual living cells together with transmitted light imaging and 

measurements of axon displacement in the same cell.

In experiments involving the addition of compounds blocking ion channels, single-photon 

imaging required adding compounds at working strength to the cultures containing live cells. 

Luminometry, however, involved taking a small 10-μl sample of medium from the cultures 

and placing it in a cuvette containing a 10 times larger volume of reaction mixture optimized 

for the assay of ATP. The cells were exposed to the same concentration of drugs in both 

cases, but the concentration of the drug in the assay mixture was 10 times higher in single-

photon imaging than with luminometry. Some of the compounds can interfere with the 

luciferin-luciferase reaction at higher concentration.
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Possible interference of drug treatments with the ATP measurements was tested with 

standard ATP solutions for all experimental treatments using both methods of ATP analysis. 

EGTA (2 mM), in the absence of Ca2+ and Mg2+, or 50 μM Gd3+ interfered with the ATP 

assay when used in single-photon imaging microscopy, but culture medium containing 50 

μM Gd3+ and low calcium (0.5 mM) in the absence of EGTA did not interfere with the 

sensitivity of the luminometry ATP assay (which dilutes the sample 10 times in the ATP 

reaction mixture), nor did the other drugs at the concentrations used in these experiments. 

Carbonate-free saline was used for experiments with Gd3+.

ATP release from intact nerve

ATP release was also measured from freshly isolated rat optic nerve and dorsal roots of the 

spinal cord and sciatic nerve. Adult Sprague-Dawley rats were anesthetized, and nerves were 

dissected and bathed in normal balanced salt solution bubbled with 95% O2/5% CO2 in a 

volume of 0.25 to 0.5 ml. Hepes buffer in the formula for the balanced saline solution 

(above) was replaced with 1.25 mM NaH2PO4 and 26 mM NaHCO3 buffer. Dorsal roots and 

desheathed sciatic nerves were stimulated through a pair of platinum stimulation electrodes 

connected to a constant-current stimulator, using biphasic pulses delivered to a segment of 

nerve lifted out of the bath and protected from desiccation by a coating of mineral oil. Optic 

nerves were stimulated through a glass suction electrode. Ten microliters of the saline 

solution bathing the nerve was sampled at 1-min intervals before and after 10-Hz stimulation 

for 5 min, and the concentration of ATP was measured with a luminometer.

Intrinsic optical signaling

IOS was performed with transillumination and digital image processing for background 

subtraction and averaging. Stable illumination intensity was provided by a Kepco 

ATE-15-25M constant-current regulated power supply (Kepco Inc.) in constant-power mode 

to deliver consistent voltage of ~4 V to a 12-V, 100-W tungsten filament illumination source. 

The heat filter was removed from the light path to transmit maximal infrared wavelengths, 

which provide the greatest IOS resulting from light scattering through axons. Two neutral 

density (n.d.) filters (0.3 and 1.3 n.d.) were used in combination to dim the intensity of 

illumination through a long working distance, bright-field condenser. Electronic shutters 

driven by Metafluor software limited illumination to the 1- to 2-s acquisition period during 

which 32 to 64 frames were averaged. Images were acquired every 1 to 10 s, depending on 

the experiment. Microscopy was similar in other respects to that described above for single-

photon imaging, but without high-gain image intensification.

The time-lapse images were postprocessed for IOS by background subtraction with a 

reference image before stimulation, followed by gain and contrast enhancement and display 

of images on a pseudo color scale. Changes in intensity of light transmission through axon 

fascicles were measured by calculating the mean intensity of pixels in a circular region of 

interest positioned on several different axon fascicles in the image. Light transmission was 

normalized to the maximum intensity in each experiment to allow combining data from 

multiple replicate experiments. The pixel intensity values were exported and the fractional 

transmission with respect to the maximum intensity in each experiment was plotted against 

time.

Fields and Ni Page 15

Sci Signal. Author manuscript; available in PMC 2016 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Microscopic axon displacement

Axon displacement was detected by increasing the magnification of bright-field images 

acquired in time-lapse recording by 800% with the digital zoom function in Metamorph. 

Microscopic axon displacement of axons was imperceptible without postprocessing because 

the changes were small and developed slowly, but they were readily apparent when the time-

lapse videos were replayed at high speed. The x and y location of individual pixels on the 

edge of axons was recorded for each image frame in the time-lapse sequence and tracked 

with the Track Objects function of Metamorph to obtain a quantitative measure of axon 

displacement. The resultant displacement was calculated (square root of x2 + y2) and 

subtracted from the starting location to enable pooling data from several replicate 

experiments and to normalize for differences in orientation of individual axons in the 

microscope field. These changes were near the ~0.5-μm resolution of the microscope with 

the objective lens and long-working condenser used. Stationary objects in the field were 

tracked as controls. These points did not move.

Axon displacement was confirmed by time-lapse confocal microscopy. DRG neurons were 

incubated with a membrane fluorescent dye (Vybrant DiI, 5 μM) in low-serum medium for 

20 min at 37°C, and then washed with balanced saline solution at room temperature. Culture 

dishes were placed on a TE300 inverted microscope (Nikon) equipped with a Radiance 2100 

laser scanning head (Bio-Rad) and imaged with a 60× 1.4 NA Plan Apochromatic lens using 

543-nm laser illumination and an HQ590/70 emission filter. Fluorescence emission from 

neurons was collected by a photomultiplier tube (PMT), and images were acquired with 

Lasersharp 2000 software (Zeiss). Two images were averaged and acquired at 10-s intervals 

for 10 min. Displacement of axons was analyzed by Metamorph software as described 

above.

Ca2+ imaging

Neurons were incubated with the calcium indicator Fluo-4 AM (10 μg/ml) (Invitrogen) in 

solution containing 0.02% pluronic acid F-127 and 0.1% bovine serum albumin in normal 

balanced saline solution at 37°C for 30 min. This was followed by 30-min incubation in 

balanced saline solution at room temperature to permit deesterification of the dye inside 

neurons. Fluorescence in live cells was monitored by confocal microscopy with a 40× 1.30 

NA Plan Fluor objective lens on a Nikon TE200 inverted microscope and Radiance 2100 

laser scanning confocal microscope (Bio-Rad). Excitation at 488 nm was provided by 

scanning laser, and emission was collected by PMT through an HQ528/50 filter. Images 

were acquired with Lasersharp 2000 software (Zeiss), and quantification and image analysis 

was performed with ImageJ software (National Institutes of Health) and Metamorph 

software. The same Fluo-4 loading procedure was used for experiments imaging calcium 

responses in astrocytes in coculture with DRG neurons.

Intracellular chloride measurement

Changes in cytoplasmic Cl− in DRG neurons were monitored with two-photon microscopy 

to excite the fluorescent indicator 6-methoxy-N-ethylquinolinium iodide (MEQ) (Molecular 

Probes, Invitrogen Inc.). The cell-permeable indicator DiH-MEQ was synthesized from 

MEQ following the procedure of Biwersi and Verkman (46). Briefly, 16 μmol MEQ was 
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reacted with 32 μmol NaBH4 at room temperature under N2 in the dark for 30 min. DiH-

MEQ was then purified by chloroform extraction, dried with anhydrous Na2SO4 for 5 min, 

stored at −40°C under N2, and used within 1 week. Neurons cultured on glass coverslips 

were loaded with DiH-MEQ by 10-min incubation in 50 μM DiH-MEQ at room temperature 

and washed with physiological buffer for 20 to 30 min to allow the internalized DiH-MEQ 

to become oxidized into the cell-impermeable Cl− indicator MEQ. The indicator was excited 

by two-photon excitation with a 5-W, Ti:S femtosecond mode-locked laser (Mira, Coherent 

Inc.) at a wavelength of 735 nm, and the fluorescence emission from MEQ was detected 

through a 435– to 485–band pass (bp) filter on a Zeiss 510 two-photon/confocal microscope. 

Intracellular chloride quenches the fluorescence of MEQ without altering its excitation or 

emission spectra (344 and 440 nm, respectively). Neurons were superfused on the 

microscope stage with Hepes-buffered balanced saline solutions of 280, 320, and 390 

mOsm/kg controlled by an electronic six-channel valve controller (Warner Instruments). 

Cell morphology was monitored in alternation with MEQ fluorescence with differential 

interference contrast (DIC) optics and a transmitted light detector with illumination at 543 

nm provided by a HeNe laser to measure changes in cell volume. Images were acquired 

sequentially at ~3-s intervals.

RT-PCR

Total RNA was extracted from DRG neuronal cultures with TRIzol (Invitrogen) and also 

from whole brain and lung to obtain mRNA for positive controls. Total RNA (2 μg) was 

used for reverse transcription reaction containing the following reagents (Invitrogen): 

oligo(dT)12–18, deoxynucleotide triphosphate (dNTP), dithiothreitol (DTT), RNaseOUT, 

SuperScript II, and reaction buffer. The resulting complementary DNA (cDNA) was used for 

PCR with PCR SuperMix (Invitrogen), and the PCR products were separated on a 1% 

agarose gel by eletrophoresis and stained with ethidium bromide or SYBR gold. PCR was 

carried out on a PTC-200 thermal cycler (MJ Research) using 30 to 35 cycles of 94°C for 

denaturing (30 s), 58°C to 62°C for annealing (1 min), 72°C for extension (1 min), and a 

final extension after the last cycle at 72°C for 7 min. The primer sequences for chloride 

channels were identical to those used by Parkerson and Sontheimer (62), who adopted them 

from Kulka et al. (63) (ClC-1, ClC-5, ClC-6), Enz et al. (64) (ClkC-2, ClC-3, ClC-4), Huber 

et al. (65) (CFTR), and Bres et al. (66) (VDAC-1). P2X7 primers were from Duan et al. (67).

CLC1: 5′-TGTGGAACGCTCAGAACTGCAGTC-3′, 5′-
TCTAGTGCCAAGACACCTCTGAGC-3′

CLC2: 5′-CAAGTTCCTCTCCCTCTTTG-3′, 5′-
GAACTGTCCAAAGCCAGGG-3′

CLC3: 5′-CCTCTTTCCAAAGTATAGCAC-3′, 5′-
TTACTGGCATTCATGTCATTTC-3′

CLC4: 5′-GGTACATGGCTGAACTCTTC-3′, 5′-
GAGTCATGTTGGGGTCATTG-3′

CLC5: 5′-TGCTGACTGTCCTTACTCAG-3′, 5′-
CAGGATGTTCCGAAGCTTCA-3′
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CLC6: 5′-TGTGCTGCTGCTGCCGGTGGTG-3′, 5′-
CTGACTGCATTCCTCCACCGACGTT-3′

CLC7: 5′-ATGAGCACACCTGTGACCTGCCTG-3′, 5′-
CGAGGAAGAGATGCCTCCTGTGGC-3′

CFTR: 5′-CGCAGGTTCTCAGTAGACGAT-3′, 5′-
CCTCAACCAGAAAAACCAGTACGCA-3′

VDAC-1: 5′-GGACTGAGTATGGGCTGACG-3′, 5′-
GCTGCTATTCCGAAGCGAGTGTTAC-3′

P2X7: 5′-TCCACCCTGTCCTACTTTGG-3′, 5′-
CTTGCAGACTTTTCCCAAGC-3′

The expected sizes for the PCR products in the order listed above are 656, 499, 552, 297, 

269, 345, 377, 607, 478, and 253 bp.

RT-PCR was also carried out on DRG neurons plucked individually from cultures by means 

of a glass microelectrode with a broken tip, positioned with a micromanipulator on the stage 

of an inverted microscope. Suction was used to draw the neuron into the glass capillary. The 

cells were delivered into a PCR tube by breaking the tip of the microelectrode into the tube 

and freezing the sample in a mixture of dry ice and ethanol. RNA from 20 neurons was 

extracted and amplified by two rounds of RNA amplification with MessageAmp II aRNA kit 

(Ambion), yielding a total of 50 μg of amplified RNA product. Two micrograms of 

amplified RNA product was used for reverse transcription to cDNA with SuperScript II 

(Invitrogen).

Immunocytochemistry

DRG neuronal cultures on glass-bottomed culture dishes were fixed with Dent’s fixative 

[80% methanol, 20% dimethyl sulfoxide (DMSO)] for 30 min and washed with phosphate-

buffered saline (PBS). Neurons were permeabilized with 0.1% Triton X-100 for 5 min, then 

washed with PBS, and incubated with 3% normal goat serum in PBS (or donkey serum as 

appropriate for the specific secondary antibody used) for 1 hour to block nonspecific 

binding. Primary antibody was diluted in blocking solution and added to cultures incubated 

at 4°C overnight. After washing with PBS, the appropriate secondary antibody was diluted 

in blocking solution and added to cultures for 1.5 hours at room temperature. After a 

thorough wash with PBS, the coverslips were removed from dishes and mounted onto slides. 

ClC3, ClC4, ClC5, ClC7, and CFTR antibodies (Santa Cruz Biotechnology) were diluted 

1:50 to 1:500. VDAC antibody (Sigma) was diluted 1:500. The specificity of the antibody 

was tested by preabsorption of the primary antibody with the peptide used to generate the 

antibody or controls lacking primary antibody.

Pharmacology

NPPB (Tocris) and FFA (Sigma) were dissolved in DMSO as 100 mM stock solutions. 

GdCl3 (Sigma) and carbenoxolone (Sigma) were dissolved in water as 50 and 100 mM stock 

solutions, respectively. Glibenclamide (Sigma) was dissolved in DMSO as a 50 mM stock 

solution. Phloretin (Sigma) was dissolved in methanol as a 100 mM stock solution. DCPIB 
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was dissolved in 100 mM ethanol and used at 10 μM. Bafilomycin A1 (Sigma) was 

dissolved in DMSO as a 1 mM stock solution. Drugs were added directly to the culture dish 

at least 20 min before experiments; bafilomycin was added to cultures 1 hour before 

experiments. Botulinum toxin A was added to cultures at a final concentration of 3 nM 24 to 

48 hours before experiments to block vesicular release. Immunoblot confirmed cleavage of 

SNAP-25 in the DRG neurons. Previous studies show block of neurosecretion from DRG 

neurons in cell culture within 4 hours of botulinum toxin treatment, which is sustained for 

15 days after removal of the toxin (45).

Statistical analysis

Statistical significance was tested by analysis of variance (ANOVA) in experimental designs 

involving multiple groups, followed by Dunnett’s post hoc test for evaluating differences 

with respect to a control group and Fisher’s comparison test for designs comparing 

differences among all groups. Two-sided Student’s t test was used for analysis of 

experimental designs with two groups, and a paired t test was used in experiments in which 

repeated measures were made in the same sample. Data are displayed as means and SEM. 

Linear regression was by least-squares fitting. Minitab version 12 and SigmaPlot version 10 

computer programs were used for statistical analysis and plotting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Release of ATP from axons firing action potentials. (A) Mouse DRG neuron cell bodies (b) 

and axons (a) were separated in multicompartment cell cultures allowing electrical 

stimulation of axons, growing under a high-resistance partition between compartments, 

through platinum electrodes in the lid of the culture dish (arrow). (B) Release of ATP from 

neurons was detected by single-photon imaging after addition of luciferin and luciferase to 

the medium and by analysis of ATP concentration in samples of culture medium assayed by 

luminometry. Release of ATP was detected as single photons (red spots) generated by the 

ATP-dependent chemiluminescence reaction. Each image in the time series displays the 

number of photons accumulated during 1 s, superimposed on a bright-field image of the 

axons. After calibration against standard solutions, photon counts provide a quantitative 

measure of ATP concentration. (C) ATP release could be induced repeatedly from the same 

axons. Onset and duration of the 10-Hz stimulus is shown by black bars (1 and 5 min) and 

arrow (10 s). (D) ATP concentration recovered to values that were not significantly different 

from prestimulus levels 7 min after termination of the 60-s, 10-Hz stimulus (red circles) (P > 
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0.05, n = 11). (E) Prolonged stimulation was not required for ATP release; near-maximal 

concentrations were reached within 1 min of 10-Hz stimulation (n = 48, measured by 

luminometry). (F) Low-frequency stimulation was effective in releasing ATP, and the release 

was proportional to stimulus frequency between 1 and 10 Hz (n = 61). [ATP concentration in 

bulk medium measured by luminometry [(E) and (F)] was ~40 times lower than that in close 

proximity to the cell measured by single-photon imaging microscopy [(B) to (D)].] Scale 

bars, 1 mm (A), 10 μm [(A, b) and (B)].
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Fig. 2. 
Nonvesicular release of ATP from axons firing action potentials. (A) The increase in ATP 

concentration in medium was measured by luminometry after 5-min stimulation at 10 Hz in 

the presence of pharmacological inhibitors (P < 0.001, ANOVA). ATP release after 

stimulation (blue bar) (n = 16) was inhibited by electrical stimulation in the presence of the 

sodium channel blocker TTX (black bar) (n = 11) or by lowering extracellular calcium 

concentration to 0.5 mM (n = 10), but ATP release was not inhibited by 3 nM botulinum 

toxin (BoTox) (n = 10) or by 2 μM bafilomycin A1 [a specific inhibitor of the vacuolar-type 

H+- dependent adenosine triphosphatase (H+- ATPase)required for synaptic vesicle function] 

(n = 10). This suggests a calcium-dependent mechanism of ATP release requiring activation 

of sodium-dependent action potentials, but not release of synaptic vesicles. *P < 0.05. (B) 
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Changes in intracellular Ca2+concentration were rapid relative to the delayed rise in ATP 

concentration after 10-Hz stimulation for 10 s (blue triangles) or 60 s (open circles). (C) 

Single-photon imaging shows that ATP release was not blocked by botulinum toxin (3 nM), 

which prevents synaptic vesicle fusion (yellow triangles) (n = 3, single-photon imaging). 

Immunoblot (inset) confirmed enzymatic degradation of SNAP-25 after incubation in 3 nM 

botulinum toxin. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a loading 

control.
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Fig. 3. 
VAACs in DRG neurons. (A) RT-PCR analysis detected mRNA for several chloride 

channels but not CFTR. mRNA from lung is a positive control. (B) RT-PCR from neurons 

collected individually from cell cultures detected only ClC3, ClC4, ClC5, and VDAC. (C) 

Positive immunocytochemical staining with antibodies against ClC3, ClC4, ClC5, and 

VDAC was found in DRG axons; CFTR immunostaining was negative. No staining was 

seen when antibody was preabsorbed with peptide (+ peptide) or in the absence of primary 

antibody (− primary). (D) Functional VAACs in DRG neurons are shown by monitoring 

changes in cytoplasmic Cl− by two-photon microscopy with the fluorescence indicator MEQ 

(blue fluorescence superimposed on DIC image of DRG cell body). (E) Influx of Cl− 

quenches MEQ fluorescence as shown by perfusing cells in normal saline after incubation in 
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low Cl− saline, in which 145 mM sodium gluconate was substituted for NaCl. (F) VAAC 

function is shown by the influx of Cl− during cell swelling (decreased MEQ fluorescence, 

black trace) produced by switching from isotonic (320 mOsm/kg) to hypotonic conditions 

(280 mOsm/kg), and efflux of Cl− is seen during cell volume reduction in 390 mOsm/kg 

solution. Cl− influx during cell swelling was significantly inhibited by 100 μM NPPB (red) 

(−3.56 ± 0.12 versus −1.09 ± 0.074; P < 0.001). Asterisks indicate when responses are 

significantly different from baseline in the presence (red) or absence (black) of NPPB. 

ANOVA and Dunnett’s post hoc analysis of responses compared at sequential intervals of 

200 s, relative to isotonic solution (320 mOsm/kg). Mean and SEM of responses in 11 

neurons are plotted. Changes in cell diameter are plotted as percentage relative to starting 

conditions in isotonic saline (defined as 100%). (G) Hypotonic saline below the normal 

osmotic strength of 320 mOsm/kg caused release of ATP from DRG neurons in the absence 

of electrical stimulation. ATP release was significantly inhibited by the chloride channel 

blocker, 100 μM NPPB (red triangle) (n = 12), indicating release through VAACs (P < 

0.001, ANOVA, n = 56). Scale bar, 20 μm; 100-bp cDNA ladder in (A) and (B).
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Fig. 4. 
Neural impulses cause microscopic swelling and displacement of axons correlated with ATP 

release. (A) IOSs, representing changes in light transmission through axons, were measured 

with time-lapse transmitted light microscopy (a to c). [Warmer colors indicate greater light 

transmission (d to f).] The increase in IOS 1 and 2 min after 60-s stimulation at 10 Hz is 

shown in (Ae) and (Af). (B) Raw IOS data from three axons or fascicles shown in (A) are 

plotted. (C) ATP release, measured in the same axons by single-photon imaging microscopy, 

closely tracked the electrically induced changes in IOS. cps, counts per second. (D) Minute 

displacement of the axons was measured in the same axons after digital magnification of the 

transmitted light image and tracking movement of the edge of the axon membrane over time. 
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The plotted data appear pixilated because the small axon displacements are near the 0.5-μm 

resolution of the microscope. (E) Axon displacement could be detected after as few as 10 

action potentials at 10 Hz (red). Stimulating the same axons for 5 s (green) and 10 s (blue) 

produced proportionately larger and longer-lasting displacements (curve fitting by regression 

to a five-parameter Weibull function). No axon displacement was seen during electrical 

stimulation in the presence of 1 μM TTX to block sodium-dependent action potentials (b) (n 
= 7, mean and SEM are plotted in light blue). (F) Axon displacement in response to 10-Hz 

stimulation (60 s) was also measured by confocal microscopy. Note the 1.5-μm displacement 

of axon 2 min after 10-Hz stimulation for 60 s. Stimulation in the absence of extracellular 

calcium inhibited axon displacement. (G) Linear regression of data from multiple 

experiments showed that ATP release (rise to peak) was highly correlated with the increase 

in light transmission through axons (P < 0.0001; r2 = 0.983; n = 12). (H) The increase in 

light transmission, indicative of axon swelling, could be induced by the sodium channel 

agonist veratridine (2 μM) (n = 8) in the absence of electrical stimulation. One minute after 

veratridine application, ATP concentration increased by 156.7 ± 35.7 pM (P < 0.007, paired t 
test; n = 6). (I) Axon displacement also was directly related to the increase in light 

transmission (P < 0.0001; r2 = 0.9078; n = 48). Scale bars, 17 μm (A), 5 μm (F). Transmitted 

light intensity is shown on an eight-bit pseudo color scale (Ad).
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Fig. 5. 
Action potential–induced ATP release from DRG axons through VAACs. (A) Displacement 

of axons during the rising phase of ATP concentration (black) (n = 9) was inhibited by 

electrical stimulation in the absence of Ca2+ and Mg2+ (red) (n = 6). (B) Light transmission 

through axons increased during the rising phase of ATP concentration induced by electrical 

stimulation of axons at 10 Hz (60 s) (black) (n = 9), but no changes in light transmission 

were seen in the absence of electrical stimulation (blue) (n = 9) or when stimulation was 

applied in the absence of extracellular Ca2+ and Mg2+ (red) (n = 6). Low-calcium solution 

also blocked electrically induced ATP release (Fig. 2A). (C) Hypotonic solution (280 

mOsm/kg, green bar) (n = 10) caused ATP release in the absence of electrical stimulation, 

and this could be inhibited by co-incubation in the chloride channel blocker (NPPB) (100 

μM) (blue bar) (n = 12). Hypertonic conditions (390 mOsm/kg) blocked the electrically 

induced release of ATP (orange bar) (n = 11). Summary data from multiple experiments 

using luminometry to measure ATP release are shown in the bar graph (P < 0.01, ANOVA; n 
= 33). ATP responses recorded with single-photon imaging microscopy are shown as insets 

(280 mOsm/kg, n = 1; 390 mOsm/kg with 10-Hz stimulation, n = 3). (D) Pharmacological 
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analysis with anion channel blockers (yellow bars) implicates the maxi-anion channel in 

electrically induced ATP release from DRG axons (P < 0.01, ANOVA; n = 18, 13, 18, 18, 

12, 3, 8, and 15). The intermediate conductance anion channel blocker phloretin (100 μM) 

was not effective in blocking ATP release, but 100 μM FFA, 50 μM Gd3+, 100 μM NPPB, 10 

μM DCPIB, and 100 μM glibenclamide (Gliben) significantly inhibited action potential–

induced ATP release from DRG axons. Release of ATP from axons in response to electrical 

stimulation could be restored after washing out the chloride channel inhibitor NPPB (gray 

bar). Consistent with the results from luminometry, inhibition of electrically induced ATP 

release by glibenclamide (yellow) (n = 3) and NPPB (green) (n = 3) was observed with 

respect to control (black) (n = 11) by single-photon imaging microscopy and shown as 

insets. (E) Pharmacological block of chloride channels with Gd3+ (n = 3), NPPB (n = 3), or 

glibenclamide (Glib) (n = 3) did not prevent axon swelling measured by IOS, indicating that 

the inhibition of ATP release is not caused by interference with action potential firing or 

axon swelling. *P < 0.05, **P < 0.01 with respect to control.
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Fig. 6. 
Nonsynaptic activity-dependent communication between axons and astrocytes by ATP 

release through VAACs. (A) Action potentials were stimulated in DRG neurons grown in 

coculture with astrocytes, and calcium responses were measured with Fluo-4 AM. Action 

potentials elicited a rapid rise in intracellular calcium in DRG axons (black trace), followed 

by calcium responses in astrocytes (colored traces; each trace represents a different astrocyte 

in the same microscope field). DRG axons were stimulated at 10 Hz for 5 min. Inset shows 

the same data on an expanded scale; note delayed glial response. (B) The number of calcium 

spikes in astrocytes during a 5-min stimulation period (red bars) was compared to the 

number of responses 5 min before stimulation (blue bars) from multiple experiments (n = 9). 

Stimulation of axons significantly increased the number of calcium responses in astrocytes, 

but this was blocked by pretreatment with the chloride channel blocker NPPB (100 μM). 

NPPB had no significant effect on the frequency of spontaneous astrocytic calcium spikes 

before stimulation (blue) (*P = 0.018, n = 9; n.s., not significant). (C) Release of ATP from 

DRG axons, in response to action potential firing (10 Hz, 5 min), was not blocked by gap 
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junction blockers carbenoxolone and heptanol (green bars) (P = 0.48, ANOVA; n = 16, 12, 

and 14). (D) PCR failed to detect P2X7 receptors in DRG neurons, which can release ATP 

from some nonneuronal cells. GAPDH is a loading control, and mRNA from brain is a 

positive control.
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